Abstract. The glycerol, D-glucose monohydrate (DGMH), sucrose, and sodium chloride are used in food industries and the measurement of properties for these components and their aqueous solutions can be important. In this research work, the refractive indices for binary solutions of (methanol + glycerol), (ethanol + glycerol), ternary solutions of (water + glycerol + DGMH), (water + glycerol + sucrose), (water + sucrose + DGMH), (water + sucrose + ethanol), (water + ethanol + DGMH), (water + NaCl + DGMH), (water + methanol + NaCl), (water + ethanol + NaCl), (water + NaCl + glycerol), (water + sucrose + NaCl), and quaternary solutions of (water + ethanol + sucrose + DGMH), (water + ethanol + sucrose + glycerol), (water + NaCl + sucrose + glycerol) were measured in wide range of mole fractions at T = 293.15 K and atmospheric pressure. For binary solutions of this study, the changes of refractive index on mixing, ∆nD, were calculated in each mole fraction at T = 293.15 K. Also, the refractive index of binary solutions was fitted by a semiempirical equation. The constant of this equation, Kr, was introduced and suggested by Koohyar in 2018. This constant can be used to investigate strength of interactions between solute and solvent molecules. For ternary and quaternary solutions of this study, a semi-empirical equation was used to determine refractive indices at given temperature. The comparison between calculated and experimental refractive indices shows that there is a good agreement between them especially in lower molal concentrations (diluted solution). In other words, linear behavior of the refractive index occurs only in the diluted solutions. Keywords: Refractive index; solution; water; glycerol; D-glucose monohydrate (DGMH); sucrose; sodium chloride.
Introduction
The refractive index is one of the most important thermodynamic properties of liquids and solutions. In various industries such as pharmaceutical, food, detergent and cosmetic, the reactions between species occur in solution phase. Therefore, the determination of thermodynamic properties of solutions (such as density, enthalpy, sound velocity, and refractive index) can help us to control production process in various industries [1] [2] [3] [4] .
When the light passes through a solution, some interactions occur between the photons of light and solvent-solute complexes and as a result, the speed of light decreases in this solution. For a solution, the refractive index can be obtained from below equation:
In above equation, c and v are the speed of light in vacuum and solution, respectively. Refractive index data have many usages in both industrial and research fields.
In an aqueous solution, a degree Brix (°Bx) indicates the sugar content. One degree Brix shows that there is one gram of sucrose in 100 grams of solution. If the solution contains dissolved solids other than pure sucrose, then the °Bx only approximates the dissolved solid content. For aqueous solutions of sugars, there is a close relationship between the value of refractive index and its degree Brix [5] [6] [7] . The °Bx is usually used in the sugar, carbonated beverage, fruit juice, maple syrup and honey industries.
The refractive index can act as a detector and sensor. For instance, the refractive index can be used to detect and quantify the contamination of liquids such as drinking water and other beverages. The results show that the concentration of contamination increases linearly by increasing of refractive index [8] .
The label-free detection and biosensing techniques for animal viruses have been developed in the recent years [9, 10] . Among various designed biosensor, an increasing group of biosensors works with detecting the local change in the refractive index due to the presence of single or a few virus particles [11, 12] . This type of optical biosensors include the optical interferometry [13, 14] , surface plasmon resonance [15, 16] , or the optical cavity resonance [17, 18] . In these biosensors, the accurate refractive index for the viruses of interest is required to determine the size and concentration of viruses [19] [20] [21] .
Another group of refractive index-based sensors have attractive specifications as non-destructive and universal detectors for liquid chromatographic separations, but a short dynamic range and sensitivity to minor thermal perturbations limit the utility of commercial refractive index detectors for many possible usages, especially those needs the use of gradient elution [22] .
In 2007, Zhu et al. expanded a novel miniaturized and multiplexed, on-capillary, refractive index detector using liquid core optical ring resonators (LCORRs) for future development of capillary electrophoresis (CE) devices [23] . A glass capillary with a diameter of about 100 mum and a wall thickness of a few micrometers are applied in liquid-core optical ring-resonator sensors [24] . They are high-sensitivity label-free lab-on-a-chip biological-chemical sensor [25] .
Voglibose is a strong glucosidase inhibitor that is used in treatment of type II diabetes mellitus. In pharmaceutical formulations, a rapid and simple HPLC method (high performance liquid chromatographic) with refractive index detection was developed to determine voglibose. The LOD and LOQ (limit of detection and quantification) were found to be 2.91 and 9.7 μg/mL. This method could be successfully used for the quantification of voglibose in pharmaceutical formulations [26] .
On the other hand, the refractive index can be used to estimate thermophysical properties of hydrocarbons and petroleum mixtures. Especially, the refractive index helps us to find out critical constants (critical temperature, critical pressure, critical density of a substance and etc), the composition of petroleum mixtures, and temperature-dependent properties like PVT, heat capacity, and transport properties of hydrocarbon fluids [27] .
Most solute components that were used in this study (methanol, ethanol, glycerol, DGMH, and sucrose) are alcohol. These components are very soluble in water due to having one, two, three or more hydroxyl groups. Methanol and ethanol are used as a solvent in many cases. For instance, in pharmaceutical industries, methanol and ethanol may be applied in production of tablets and also during the film-coating process [28] . Methanol and ethanol can also be used as solvent in extraction of antioxidant phenolic compounds from coffee silverskin [29] . In addition, ethanol/water and methanol/water mixtures are applied as a solvent for synthesis of polydopamine nano-spheres using solubility parameter [30] . Glycerol is usually used in production of detergents and cosmetics [31, 32] . DGMH and sucrose are widely used in various food industries.
In this study, we measured the refractive index for binary mixtures of (methanol + glycerol), (ethanol + glycerol) and also aqueous solutions of (glycerol + DGMH), (glycerol + sucrose), (sucrose + DGMH), (sucrose + ethanol), (ethanol + DGMH), (NaCl + DGMH), (methanol + NaCl), (ethanol + NaCl), (NaCl + glycerol), (sucrose + NaCl), (ethanol + sucrose + DGMH), (ethanol + sucrose + glycerol), and (NaCl + sucrose + glycerol) at T = 293.15 K and atmospheric pressure. The obtained data were listed in Table 1 . 
Experimental Materials
The used chemicals of this study (methanol, ethanol, glycerol, DGMH, sucrose, and sodium chloride) were purchased from Merck Company. The purity of these chemicals was more 99 mass percent and they were used without further purification. The aqueous solutions of this study were prepared using the deionized water. Each solution was prepared from known masses of each chemical in air-tight stoppered glass bottles. In addition, each measurement was repeated three times and the average was reported.
Apparatus and procedure
All solutions were prepared by weighing suitable of the individual components and mixed in a beaker. A balance (precise 240 A, Switzerland) was used to weigh the solutes with a precision of ±0.0001g. The applied instrument was calibrated at atmospheric pressure with double distilled water before each series of measurement. The refractive index of solutions was determined using an Abbe reftactometer (CARL ZEISS, Model A, Germany). The uncertainties of the refractive index and temperature are ±0.0001 and ±0.01 K, respectively.
Results and discussion
Eq. 1 shows that the refractive index of a solution increases when the speed of light decreases in this medium. When the light passes through an aqueous solution, the amount of reduction of light speed (and consequently, the increasing of refractive index) has direct relationship with the strength of interaction between solvent and solute molecules. The strength of interaction between these species can be affected by three factors [33] . The first factor is the molecular weight of solute. As we know, for a solute molecule, the molecular weight shows the total number of electrons and protons of this molecule. The electrons and protons of a molecule generate electrical fields. In addition, the moving electrons generate magnetic fields. The strength of resultant of these electrical and magnetic fields increases as the number of electron and proton (molecular weight) increases. The solute molecule with stronger electrical and magnetic field generates stronger interaction with solvent molecule. Therefore, in an aqueous solution, the strength of interaction between solute and solvent molecules increases by increasing of solute molecular weight.
The second factor is the agents that are attached to solute molecules. If an electron donor agent is attached to a solute molecule, the electron density in solute molecules increases and then, the strength of interaction between solute and solvent molecules increases. If an electron acceptor agent is attached to a solute molecule, the electron density in solute molecules decreases and then, the strength of interaction between solute and solvent molecules decreases.
The third factor is the shape and size of solute molecules. In some cases, solute or solvent molecules with smaller size can be better located in solute-solvent complex. In this condition, the strength of interaction between solute and solvent molecules increases.
The above three factors can be effective on value of refractive index of liquid solutions. The fourth factor that affects on value of refractive index of liquid solutions is concentration. In 2011, Koohyar suggested the below linear equation to fit refractive index of liquid solutions at constant temperature and pressure [33] :
In Eq. 2, nD is the refractive index of a solution, nₒ is the refractive index of solvent, and c is the concentration of solute. The value of Kr shows the strength of interaction between solute and solvent molecules. The higher value of Kr shows the stronger interaction between solute and solvent molecules. Therefore, in liquid solutions, three above mentioned factors (molecular weight, attached agents, and also shape and size of solute or solvent molecule) are effective in the value of Kr [34] .
In 2018, Koohyar showed that Eq. 2 can be successfully applied to predict the refractive index of binary aqueous solutions for alkane polyols [R(OH)n, n = 2 to 6 -OH,s) and also polyols with one ring (monosaccharide) [34] . In addition, in this research work, Koohyar introduced the below equation to calculate the values of Kr for aqueous solutions of alkane polyols [R(OH)n, n = 2 to 6 -OH,s) and also polyols with one ring (monosaccharide) [34] :
In Eq. 3, Mw is the molecular weight of solute and N(-O-) is the number of hydroxyl groups and/or oxygen atoms that are existed in solute molecule. The first factor [Mw(solute)] and second factor [attached agents: N(-OH) ] that are effective in strength of interaction between solute-solvent molecules can be obviously seen in Eq. 3.
On the other hand, Koohyar stated that Eq. 2 can be re-written as Eqs. 4 and 5 for ternary and quaternary aqueous solutions, respectively [34] :
In Eqs. 4 and 5, (1), (2), and (3) 
Study on binary solutions
In this work, the binary solutions of [methanol (1) + glycerol (2)] and [ethanol (1) + glycerol (2)] were studied. The experimental values of refractive index for these solutions are listed in Table 1 . Methanol, ethanol, and glycerol are alcohols. Glycerol has three hydroxyl groups and is miscible in water, ethanol, and methanol. The value of Kref for glycerol in methanol and ethanol solutions can be obtained by using Eq. 2. Fig. 1 shows that the values of Kref for glycerol in methanol and ethanol solutions are 0.0081 L/mol and 0.0040 L/mol, respectively, at T = 293.15 K and atmospheric pressure. In addition, the value of Kref for glycerol in aqueous solution is 0.0106 L/mol [35] . Therefore, the below order can be seen about values of Kref for glycerol in methanol, ethanol, and aqueous solutions at T = 293.15 K and atmospheric pressure: The value of Kr shows the strength of interaction between solute and solvent molecules. The relation 6 shows that the interaction between glycerol and water molecules is stronger than interaction between glycerol and methanol molecules and also, interaction between glycerol and methanol molecules is stronger than interaction between glycerol and ethanol molecules. This subject can also be seen in Fig. 2 . In this figure, the change of refractive indices on mixing, ∆nD, were plotted against mole fraction of glycerol, x2, for binary solutions of [ethanol (1) + glycerol (2)], [methanol (1) + glycerol (2)], and [water (1) + glycerol (2)] at T = 293.15 K.
For liquid binary solutions, the value of change of refractive index on mixing (ΔnD) is calculated using the below equation [36] : Where x1 and x2 are mole fractions of solute and solvent, respectively, nD1 and nD2 are refractive index of solute and solvent, respectively and also, nD is the refractive index of binary solution. The values of ΔnD for binary solutions of this study, at T = 293.15 K, were calculated and listed in Table 1 . As it can be seen in Table 1 , the sign of ΔnD for binary solutions of this study, in all mole fractions, is positive. It can show that in these solutions, the interaction between solute and solvent molecules is stronger than interaction between solute-solute and solvent-solvent molecules. Also, Fig. 2 shows the below order for values of ΔnD for glycerol in methanol, ethanol, and aqueous solutions at T = 293.15 K and atmospheric pressure:
The value of ΔnD has direct relationship with strength of interaction between solute and solvent molecules. Therefore, we can state that the interaction between glycerol and water is stronger than interaction between glycerol and methanol and also, interaction between glycerol and methanol is stronger than interaction between glycerol and ethanol. This result has also been achieved according to relation 6. It is well know that the water molecule is smaller than the methanol molecule and also, the methanol molecule is smaller than the ethanol molecule. Molecule with smaller size can be easier (and/or better) placed in solutesolvent complex and in this situation, the interaction between solute and solvent molecules will be stronger. The Redlich-Kister polynomial equation is applied to fit ΔnD data as the below [37] :
In the above equation, x2 is the mole fraction of solute, Y is thermodynamic properties and Ai is adjustable parameter.
The optimum number of coefficients Ai was calculated using an examination of the variation of the standard deviation [38] :
Where, n is the total number of experimental values and m is the number of parameters. The value of Redlich-Kister parameters (Ai) along with the standard deviation (δ) for ∆nD of binary solutions of this study were listed in Table 2 . 
Study on ternary solutions
As it has been previously mentioned in this article, four factors are effective on the value of refractive index of a liquid solution. These factors are molecular weight of solute, type of agents and groups which are attached to solute molecule, shape and size of solute molecule, and concentration of solutes.
In this research work, the refractive indices of ten ternary solutions (made by water, methanol, ethanol, glycerol, D-glucose monohydrate (DGMH), sucrose, and sodium chloride) were determined at T = 293.15 K and atmospheric pressure. These data are listed in Table 3 . As it can be seen in Table 3 , among these solutions, the aqueous solutions of (glycerol + sucrose) and (sucrose + DGMH) have maximum values of refractive index. In this case, the first factor (molecular weight of solutes) is effective. These two aqueous solutions have solutes with highest molecular weight (sucrose, DGMH, and glycerol) among various ternary solutions of this study. In addition, the maximum value of refractive index for aqueous solution of (glycerol + sucrose) is more than that one for aqueous solution of (sucrose + DGMH). In this case, the fourth factor (the sum of molal concentration of solutes) is effective. The sum of molal concentration of solutes for solutions of (water + glycerol + sucrose) and (water + sucrose + DGMH) are 7.4910 and 4.6478, respectively. Also, among various ternary solutions of this study, aqueous solutions of (methanol + NaCl) and (ethanol + NaCl) have minimum value of refractive index. These two aqueous solutions have solutes with lowest molecular weight (methanol, ethanol, and NaCl) among various ternary solutions of this study.
We applied Eq. 4 to predict the refractive index [nD(calc)] for ternary solutions of this study (please see Fig. 3 . Of course, in this study, the values of Kr were obtained based on molal concentration. In some other research works, the values of Kr were obtained based on molar concentrations [33, 34, 36] . Using Kr,s (Fig. 3) , we can write Eq. 4 for each ternary solution of this study. Fig. 4 represents Eq. 4 as well as the chart of refractive index versus molal concentration of solutes (c2 and c3) for each ternary solution of this study. In Table 3 , we compared the experimental and calculated refractive indices (using Eq. 4) for ternary solutions of this study. Table 3 shows that in most cases, in low concentration (diluted solution) the R.C is excellent and good. In addition, the R.C in middle molal concentrations is acceptable. These results indicate that Eq. 4 can be successfully used for calculating refractive index of these aqueous solutions especially in low (diluted solution) and middle molal concentrations.
In higher molal concentrations, the solute-solute interactions increase and therefore, the solutesolvent interactions decrease. As it can be seen On the other hand, it was observed that Eq. 4 can be applied in more range of concentration for solutions which have sodium chloride. It seems that ionic component (NaCl) is effective in this case. It is clear that in same molecular weights, the interaction between ionic component and water is stronger than interaction between neutral component and water.
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Study on quaternary solutions
The refractive indices for aqueous solutions of (ethanol + sucrose + DGMH), (ethanol + sucrose + glycerol), and (NaCl + sucrose + glycerol) were determined at T = 293.15 K and atmospheric pressure. These data were listed in Table 4 . Among these three solutions, the aqueous solution of (ethanol + sucrose + glycerol) has maximum value of refractive index (1.4232). It can be due to have the highest concentration of solutes (c2+c3+c4 = 15.7283). In this case, fourth factor is more effective.
Eq. 5 was applied to calculate refractive index of quaternary solutions of this study. Calculated refractive indices [nD(calc)] were shown in Table 4 . As it can be seen in this table, the results of comparison (R.C) between experimentally determined refractive index [nD(exp)] and calculated refractive index [nD(calc)], using Eq. 5, are excellent, good, and acceptable. These results show that Eq. 5 can be successfully applied to calculate refractive index of these aqueous solutions especially in low (diluted solution) and middle molal concentrations.
In addition, as it can be seen in Table 4 , in aqueous solution of (NaCl + sucrose + glycerol), compared to other quaternary solutions of this study, Eq. 5 can be applied in more range of molal concentration to predict the refractive index. 
